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Introduction
This paper investigates interventions and their impact on concept generation; its main concern is which interventions affect the quality of an individual's ideas and in what ways. The interventions under consideration include teaming, design tools, and problem framing, as well as problem context. Problem context refers to the focus of concept generation -i.e., the given design task. In this work, four unique problem contexts were studied. The three interventionsteaming, design tools, and problem framing -were created to aid the ideation process. Teaming encourages participants to share ideas as they work in teams, and design tools provide helpful design heuristics. Problem framing alters a given problem context with respect to expectations and constraints. In combination, these interventions are intended to promote ideation flexibility, one's ability to switch between preferred and non-preferred methods of concept generation as preferred by the problem. Given insight into how the three interventions impact idea quality, engineers, educators, and students will be able to make informed decisions about which interventions to use under different conditions with different concept generation goals in mind.
Concept Generation
Concept generation or ideation is the primary means by which solutions are created. These solutions to engineering problems, frequently referred to as ideas or concepts, undergo a vetting process to select which solutions warrant further development. The outcomes of concept generation and selection can have far-reaching implications in industry, so ideation researchers have investigated and proposed many methods to promote better ideas and to evaluate quality 1 . In the research presented here, undergraduate engineering students participated in sessions of concept generation for various design problems. These participants recorded their responses on idea sheets (one concept per sheet). Each idea sheet included space for drawing sketches and writing explanations as shown in Figure 1 2 .
Figure 1: Example Idea Sheet from Rainwater Catcher Context
Researchers and designers have offered many competing strategies for improving the effectiveness of ideation sessions. Brainstorming, a group ideation method intended to produce many ideas, is frequently used and studied 3 ; however, instructions designed to improve brainstorming and increase idea quantity have proven unreliable 4 . Alternatives to brainstorming such as TRIZ or "brainwriting" promote different outcomes. TRIZ asks designers to consider the principle issues of a problem and then adapt previous concepts that addressed similar issues 5 , whereas "brainwriting" encourages team members to record their own solutions separately to prevent group criticism or pressure during brainstorming sessions 6 . Each of these techniques has both benefits and drawbacks depending on the problem, the participants, and the overall problem solving process involved. Because these strategies have varying and subjective impacts on concept generation, a formal and more objective approach is needed. Measuring the quality of ideas using metrics is one means of evaluation.
Measuring Quality
To understand the strategies and interventions used to promote ideation, reliable tools are required to evaluate the ideas that result. As with concept generation, many researchers have proposed methods for idea evaluation. One early study used quantity as a measure of quality 3 ; however, research claims regarding that association have been questioned 7 . After performing a comprehensive literature review of existing ideation research, Dean, et al. created a quality framework that summarizes many dimensions of quality, as shown in Table 1 . Dean, et al. then subdivided these dimensions to create seven independent quality metrics as shown in Table 2 (and Appendix A).
As shown in Appendix A, each quality metric is designed to evaluate that sub-dimension on an ordinal scale (1 to X) without regard to the other metrics (i.e., they are independent). For instance, the clarity metric shown in Table 3 provides a scored measurement (1, 2, or 3) of an idea's level of clarity in terms of communication. Using this metric, a team of researchers or "coders" evaluates an idea's clarity using well established "coding" procedures 14 . These procedures provide clear directions for applying these metrics, and more importantly, they ensure sufficient inter-rater reliability. 
Ideation Interventions and Quality
This research investigated whether problem context and the following three interventions influenced the quality of design concepts: teaming, design tools, and problem framing. To examine these interventions, the same experimental procedure was used in all studies. Participants engaged in two sessions of concept generation. The first session acted as a control case, and the second session introduced an intervention. Four different problem contexts were used, as shown in Table 4 . All four problem contexts came from previous studies in engineering design, but each was modified to create similarity in writing style. A previous study of these contexts showed that their difficulty was comparable 10 . To further investigate that these contexts are similar, studies using all four contexts were conducted to determine if changing context corresponds to any changes in quality. Belonging Securer Design a means for conveniently securing unattended personal items in public areas 10 Rainwater Catcher Design a means of water collection and storage for rural villages 10 For the teaming intervention, participants were randomly assigned to work in pairs. Previous research has shown that teaming has complex effects. For instance, ideation in two-person teams has been shown to affect outcome perceptions with regard to diversity and elaboration; these perceptions may be different from the actual outcomes of the ideation 2 .
Another intervention used the 77 Cards created by Daly, Yilmaz, and Seifert 11 as design tools. For the design tools intervention, students were given a set of cards from the handbook. Each card provides a heuristic that can be used to generate new design ideas, as well as examples of the design heuristic in use, as shown in Figure 2 . In previous research, these cards have been used to study the quantity and variety of ideas produced 11 . Problem Framing was the last intervention used in this research. Using the Design Problem Framework 12 , three sets of instruction were created for each problem context. For instance, for the snow transporter problem context, participants were instructed to use one of the three preprepared prompts shown in Figure 3 
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. The first prompt uses neutral framing; neutral framing refers to the basic criteria of a problem context and has been shown to encourage participants to generate ideas using their preferred, natural approach. The other two prompts utilize problem framing, as written in bold text. The second prompt focuses on modification and progressive design using adaptive framing, whereas the third prompt focuses on novelty and alternative approaches using innovative framing. These prompts are framed to emulate Kirton's AdaptionInnovation Theory, which models the continuum of cognitive style 13 . Problem framing as an intervention has been studied previously with regard to an individual's cognitive style and perceptions. A goal of the current research was to study problem framing using the actual outcomes instead of individual perceptions. 
Participants and Data Collection
Each study involved engineering students from Iowa State University, The Pennsylvania State University, and The University of Michigan. These students were primarily freshmen and sophomores taking lower-level engineering design courses. Each sample of participants completed two ideation sessions. During each ideation session, participants were instructed to generate ideas and then record their responses using words and sketches. Participants were not instructed to grade their work or produce a certain number of ideas. The ideas generated in these studies were then evaluated using the "coding" process described earlier. In Tables 5, 6 , 7, 8, and 9, the number of participants and their quantity of ideas is recorded for each study. 
Data Analysis
After collecting ideas for each study, teams of researchers used the "coding" process and quality metrics to determine quality scores for each idea. These ideas were then sorted by participant and averaged to calculate each participant's overall quality scores. Each participant had quantity of ideas produced and average scores for each of the quality metrics. For the problem context study, participants from the four contexts were analyzed to investigate how they performed with relation to context. Because no participants attempted more than one neutral problem context, non-paired Welch's t-tests were used for this analysis. These t-tests compared each of the subscores of quality from one context to another. In addition to quality, the quantity of ideas generated by each participant was also examined.
For the studies involving interventions, the quality of each individual's ideas was compared across sessions. For the teaming intervention, each participants' set of ideas was examined to show how they performed with and without a team. In design tools, each participants' set of ideas was examined for how well they performed with and without the tools. In problem framing, they were examined for how well they performed with and without problem framing.
The difference in quality scores for each individual was used to investigate how interventions affect aspects of quality. Unlike the problem context study, the intervention studies used paired Welch's t-tests with respect to each quality score. In addition to quality, the quantity of ideas was also examined.
For all studies, participants attempted a different problem context in the second ideation session. Changing problem context could have been a confounding factor in the intervention studies; however, the alternative, such as attempting the same problem context twice, was deemed a worse case. To handle the issue of changing context, two contexts similar in complexity were used for each intervention study.
A key concern in this research was producing statistically significant results. Each t-test had to have a p-value less than 0.05 and a power value greater than 0.80 to be considered significant. Because of these requirements, many of the t-tests yielded non-significant results.
Problem Context Results
Results for comparing by problem context show that several aspects of quality have statistically significant differences. The results, as reported in Table 10 , show the differences in quality for each comparison that have a p-value less than 0.05. In Table 10 , each cell represents the differences on average between one problem context and another. This study had four separate groups of participants generate ideas (one group for each problem context), so there are six total combinations or table cells for comparing problem context. The differences in each cell are equivalent to row minus column. For instance, the cell associated with differences between the jar opener and snow transporter problem contexts indicates that participants responding to the jar opener problem context had higher applicability and implementability scores. Looking at all of these changes, the snow transporter and rainwater catcher contexts appear to have the most differences with one another (4 total). On average, participants produce ideas with higher applicability, implementability, acceptability, and clarity when responding to the rainwater catcher context instead of the snow transporter context. One possible explanation for these changes is that participants are more familiar and prepared with the rainwater context. The results also suggest that the belonging securer context has several differences with the snow transporter and rainwater catcher contexts. The majority of differences on average across all contexts appear to be related to applicability, clarity, and implicational explicitness, and fewer differences on average are observed with regard to effectiveness, implementability, and acceptability. No differences on average are with regard to quantity of ideas.
A more practical question is whether these average differences are even noticeable. Considering only the statistically significant sub-scores, most of these differences are approximately 0.25 (with a maximum difference of 0.38 and a minimum difference of 0.15). Many of these metrics are scored as either 1, 2, 3, or 4. For a metric that scores from one to four, a difference of 0.20 is only about five percent of the total scale. Because these differences are small compared to the scales by which these metrics are measured, context may have a negligible impact with regard to quality in comparison to other factors, such as the three interventions.
Teaming Results
Results for the teaming intervention show that several aspects of quality have statistically significant in magnitude. The four significant t-tests are shown in Table 11 . The results of these tests indicate that only effectiveness appears to increase (on average) in response to the teaming intervention, whereas quantity, clarity, and implicational explicitness are shown to decrease. This positive outcome in effectiveness may be due to the shared knowledge of teammates, but it is also associated with a net loss in ideas. Teaming appears to yield fewer ideas on average, and many of these ideas generally have lower scores with regard to metrics focused on communication (clarity). These changes in quality due to teaming may occur because team members are more focused on deliberating than writing many well-thought responses. It is possible that these groups dedicated more time to the criteria used to measure effectiveness. They may have been less motivated or had less remaining time to produce more ideas and write detailed explanations on the idea sheets.
The remaining concern is if any of these differences are readily apparent. As with the previous study regarding problem context, the percent changes for effectiveness and clarity are less than five percent. Implicational explicitness increased roughly seven percent on average. More research is needed to determine the accuracy and implications of these changes. Based on a lack of strong outcomes, basic teaming does not guarantee an improvement.
Design Tools
In comparison to teaming and problem context, the study on design tools yielded fewer statistically significant results. Only the quantity of ideas is shown to change with a p-value less than 0.001 and a magnitude of 1.23 ideas. On average, participants produced 1.23 ideas fewer while using design tools. Compared to any of the teaming and problem context results, the magnitude of this change is more significant. One possible reason for fewer ideas is that participants devoted more of their time to reading the cards, understanding them, and then selecting which cards to use. This spent time fixating on the tools could explain why participants using the tools produced fewer ideas on average.
Problem Framing
The statistically significant t-tests, as shown in Table 12 and Table 13 , suggest that problem framing is associated with few average changes in quality and quantity. The adaptive framing group showed a general increase in both effectiveness and acceptability. These results are expected, because the adaptive framework instructs participants to produce ideas that improve existing design or use familiar approaches to the problem. In the literature, high acceptability is often associated with the adaptive framework. The loss in quantity of ideas is not unexpected, since participants are supposed to feel constrained to a more limited type of idea generation. Unlike the adaptive framing group, the innovative framing group showed only a change in clarity. This increase suggests that, on average, participants working under the innovative framework produced more easily understandable ideas that had more detail. An increase in clarity is not necessarily expected in this case based on the literature. More investigation is needed to explain why clarity could be associated with innovative framing.
Discussion and Conclusions
Studies reported here provide some evidence that certain aspects of quality may be affected to some extent by the three interventions. Many of these results support what is expected from past research. With problem context, differences in quality may be expected intuitively, especially when the complexity and familiarity of contexts varies. The snow transporter context, one of the more detailed contexts, is shown to have the most differences in quality with the other problem contexts, yet the magnitudes of these differences are marginal. Like problem context, problem framing and teaming also appear to influence quality marginally. These small changes fail to suggest that either basic teaming or problem framing have major impacts on their own.
At a broader level, the results of the interventions touch all three categories of quality. In teaming, the effectiveness metric (a sub-dimension of relevance) improved, but the quantity and specificity of ideas declined. Problem framing instead impacted workability (adaptive framing) and specificity (innovative framing). If these interventions were to be applied and act independently, then all three categories of quality would be impacted. As might be expected, each intervention has a complex relationship with quality, and more work is needed to determine the significance and impact of these changes. A clearer understanding of these interventions and their trade-offs may allow educators and engineers to better use these interventions and broaden their ideation flexibility.
Limitations and Caveats
Several aspects of this research limit our conclusions. One issue with the teaming intervention is that randomized pairings were used. It is possible that the randomized pairs used in these studies do not reflect ideal groupings. Another issue with this work is that participants undergo two sessions of ideation. After the first session, participants may be mentally fatigued. Most importantly, participants receiving an intervention also change problem context. The case studies involving just problem context suggest this change is negligible; however, it is possible that participants are more capable in one context. An ideal study would have participants use the same context to evaluate teaming or design tools, yet an issue would be that the participants would have already experienced that same problem context.
Future Work
To provide more insight to the relationships between these interventions and quality, further investigations are necessary. For instance, more elaborate studies for teaming and problem framing are also needed. By creating and managing pairs instead of using randomization, more interesting group dynamics might be observed, and with problem framing, individuals could be studied with regard to their predisposition toward innovative or adaptive framing. This additional information should help educators maximize the potential of teaming in the classroom and teach students how to be more flexible thinkers.
